The changes in pulmonary blood flow, pressure, and volume during supine exercise are studied in seven patients without cardiovascular abnormality, 12 patients with aortic valve disease, 13 patients with mitral valve disease, and five patients with primary myocardial or pericardial disease. The degree of distensibility of the pulmonary vascular bed is assessed by the simultaneous changes in the magnitude of the pulmonary distending pressure (average of pulmonary artery and left atrial pressure) and of the pulmonary blood volume.
A PREVIOUS STUDY from this laboratory has demonstrated that in patients with acquired valvular heart disease a simultaneous rise in pulmonary vascular distending pressure (PD) (average of left atrial and pulmonary artery pressures) and pulmonary blood volume (PBV) is produced by moderate supine exercise.' It was suggested that the concordant pressure-volume changes were manifestations of a passive distention in the pulmonary vascular bed. By and in the volume during exercise, it is possible to make a rough estimate of the distensibility of the pulmonary vascular bed.2
To our knowledge, no such data have been published.
The purpose of the present study is (1) to report and re-evaluate the changes in pulmonary blood flow, pressure, and volume during supine exercise in a new series of 37 patients, which includes seven without cardiovascular abnormality, 25 with valvular heart disease, and five with primary myocardial or pericardial disease and (2) to assess the distensibility characteristics of the pulmonary vascular bed in these patients.
Methods
The patients studied were divided into the following four groups.
Group I: "Normal" patients. Seven patients, each of whom had a grade I-II/VI systolic murmur along the left sternal border, belonged to this group. No abnormality was demonstrated by routine electrocardiogram, fluoroscopy, and roentgenogram of the chest, right and left heart catheterization, indicator-dilution curves, and selective angiocardiogram. These patients are hereafter referred to as "norrnal" patients.
Group II: Aortic valve disease. Of the 12 patients in this group, six had predominant aortic regurgitation while the other six had predominant aortic stenosis.
Group III: Mitral valve disease. Included in this group were 13 patients, eight of whom had predominant mitral stenosis, three predominant mitral regurgitation, and two combined mitral regurgitation and stenosis.
Group IV consisted of three patients with idiopathic cardiomyopathy, one with pericardial effusion and one with constrictive pericarditis.
The technique and methodology for left and right catheterization, inscription of indicator-dilution curves, estimation of "central" heart blood volume (CBV), and PBV and exercise studies in the recumbent position have been described in detail elsewhere.1 3 4 Measurements of oxygen uptake, pulmonary blood flow, pressures, and volumes were made at rest and between the sixth and tenth minutes of exercise. In two "normal" patients (M.B. and P.J.), the left atrial volume was included in the estimated PBV because the indicator was injected into the left ventricle instead of the left atrium. Ten patients (three "normal," six aortic, and one mitral) performed leg exercise for a second time after a recovery period of 15 to 20 minutes. The repeat exercise was done with increased work load to ascertain whether the PBV could be further augmented.
To evaluate the relationship between the volume and pressure in the pulmonary vessels at rest and during exercise, the coefficient of distensibility as calculated by Harris and Health was used. 5 1 AV V-AP Where D = coefficient of distensibility V = PBV at rest in ml/m2 AV = difference between PBV during exercise and PBV at rest in ml/m2 AP=difference between PD during exercise and PD at rest in mm Hg. With the data derived from the first exercise period, it was not possible to calculate meaningful coefficients of distensibility in four of the seven "normal" patients, two of the six patients with predominant aortic regurgitation, one patient with mitral valve disease, and one patient with idiopathic cardiomyopathy, because either the PD or the PBV remained unchanged or decreased during exercise. During the second exercise period, however, the magnitude of the change of PBV and PD was sufficient to allow the calculation of the coefficient of distensibility in all 10 patients who were studied. Circulation, Volume XXXV, April 1967 
Results
Values of the pulmonary blood flow, pressure, and volume in four groups of patients during the first exercise period are presented, respectively, in tables 1, 2A, 2B, 3, and 4.
Similar data obtained during the first and second exercise periods in 10 patients are summarized in table 5A and 5B. The average values of the various parameters at rest and during exercise are summarized in table 6.
Response to the First Exercise Load Group I: "Normal" patients (table 1). In each patient the oxygen uptake (V02), cardiac index (CI), stroke index (SI), systemic artery mean (BArn), pulmonary artery mean (PAm), left atrial mean (LAm), and pulmonary vascular distending (PD) pressures were within the normal range at rest. The mean transit times (TM) from pulmonary artery to systemic artery (PA-BA), from left atrium to systemic artery (LA-BA), and from pulmonary artery to left atrium (PA-LA) were also normal. The resting CBV averaged 590 ml/m2 (range 440 to 728 ml/m2), while PBV averaged 263 ml/m2 (range 204 to 321 ml/m2).
In response to exercise V02 rose an average of 341 ml/m2, while the CI increased by 1 In five of the seven patients the PBV increased, while in six of the seven patients the CBV was augmented. The mean increase in these two parameters was 70 ml/m2 and 108 ml/m2, respectively. The coefficient of distensibility was calculated in three patients and averaged 0.19. It should be noted that in two of these patients, M.B. and P.J., the left atrial volume was included in the calculated PBV. cO Oc 10 -c 10 (table 2A) . Among these six patients the average resting V092 was slightly higher and the average CT slightly lower than in the "normal" patients. The BArn pressure was also slightly greater than in the normal patients, as was the PA.n pressure. In five of the six patients there was little difference in resting LAm or PD as compared to the "normals." However, all mean transit times were longer than in the "normal" patients. The mean values for CBV and PBV were 839 ml/m2 and 352 ml/m2, respectively. These values exceeded the mean values in "normal" patients for CBV by 249 mu/m2 and for PBV by 89 ml/m2. Exercise resulted in an increase of 203 ml/m2 in VO2 and an increase of 1.92 L/m2 in CI. The average BA.. pressor response to exercise was slightly greater than "normal" and resulted in a 24 mm Hg increase. The PAm pressure rose an average of 6 mm Hg, from 18.7 to 24.7 mm Hg, but the average LAm showed no appreciable change. It should be noted that the increase in PAm in this group of patients was largely due to a significant rise of PAm in patient T.M. An increase of only 2.2 mm Hg was observed in PD (from 13.3 to 15.5 mm Hg) when values for this patient were excluded. The exercise load resulted in a uniform decrease in TM. However, the CBV increased in each patient by an average of 141 ml/m2. The PBV increased in five of six patients, the average increase being 70 ml/m2. The coefficient of distensibility calculated in four patients averaged 0.10. With the exception of patient T.M., who had a moderate elevation of both left atrial and pulmonary artery pressures at rest, the coefficient of distensibility of the remaining three patients was 0.08 or greater.
Group IIB: Aortic stenosis (table 2B) . Among the six patients with aortic stenosis the Vo2 at rest averaged 131 ml/m2 while the CI was low normal and averaged 2.87 L/m2. Resting BAm was normal in all patients. Both the LAm and PAm were slightly elevated in two patients (R.Hu. and W.L.). The mean transit times tended to be greater than those in "normal" patients, particularly the TMPA.PA and TMLABA. The resting CBV averaged 689 mI/m2 while the PBV averaged 274 ml/m'.
During exercise the average VO2 and the average CI increased 231 ml/m2 and 1.57 L/m2, respectively. Both values were less than the increase observed in "normal' patients. The rise in BA,,, was similar to that in group IIA. However, the average PAm increased 11 mm Hg, from 16.8 to 28.2 mm Hg, while the average LAm increased 7 mm Hg, from 10.5 to 17.5 mm Hg. The average PD increased from 13.7 to 22.8 mm Hg. As noted in the other groups, Ti, tended to decrease in both compartments. However, the average CBV rose from 689 to 814 ml/m2, and the average PBV increased from 274 ml/m2 to 340 ml/m2. In no instance did the CBV or PBV fail to increase with exercise. The coefficient of distensibility calculated in all six patients averaged 0.03 (range 0.01 to 0.06).
Group III: Mitral valve disease ( Exercise produced a smaller increase in average Vo2 than was observed in "normal" patients. The BAr rose by an average value of 14 mm Hg. In sharp contrast to the group I and group IIA patients, the average PAm increased 18 mm Hg, from 22.7 to 40.7 mm Hg, and the average LAm rose 13 mm Hg, from 13.4 to 26.7 mm Hg. The average PD increased from 18 to 33.7 mm Hg. A uniform decrease in the TM in both compartments was observed. The CBV rose from 746 ml/m2 at rest to 942 ml/m2 during exercise. In the corresponding period the values for PBV were 309 mI/M2 and 373 ml/m2, respectively. The unusual increase in CBV and PBV observed in patient E.P. may be due to technical error. The mean coefficient of distensibility in 12 of 13 patients of this group was only 0.03 (ranging from 0.01 to 0.06). In one patient, L.F., the coefficient of distensibility could not be calculated because the PBV was slightly decreased during exercise.
Group IV: Primary myocardial or pericardial disease (table 4). In this group one patient (R.F.) had an elevated Vo2 (196 mI/M2/ min), which may be partly due to congestive heart failure. With the exception of patient I.K., all patients had subnormal CI and SI. An elevation in PAm and LAm was observed in two of the five patients (R.F. and I.K.). The T:,, from PA to BA was generally longer in patients with idiopathic cardiomyopathy than in those with pericardial disease. During exercise, the average CBV rose 123 ml/m2 (from 667 to 790), while the average PBV increased only 32 ml/m2 (from 298 to 330). The calculated coefficient of distensibility in four patients varied from 0.01 to 0.03. In the fifth patient, M.De., although during exercise there was a substantial increase in PD, the PBV remained virtually unchanged, so no calculation of coefficient of distensibility was made.
Response to the Second Exercise Load
As shown in table 5A and 5B, when three "normal" patients and two patients with aortic regurgitation were subjected to repeat exercise with an increased work load, there was a significant increase in PBV associated with minimal change in PD. The calculated coefficients of distensibility in these five patients were found to be between 0.06 and 0.33. On the other hand, in patients with predominant aortic stenosis and in those with mitral valve disease, exercise with increased work resulted in a further rise in both PD and PBV in three of five patients. The coefficients of distensibility remained virtually the same or were actually decreased as compared with those observed during the first period of exercise. Figure 1 shows the coefficients of distensibility calculated for the four groups of patients during both first and second exercise periods.
Discussion
The reliability of estimating changes in the "central" blood volume during exercise has been questioned by some workers. various sites of peripheral arterial sampling may significantly alter the mean transit time and hence make the calculation of regional blood volume unreliable. In the present study, however, the estimate of pulmonary blood volume during exercise should not be influenced by the peripheral arterial sampling, since the mean transit tirne is taken from the pulmonary artery to the left atrium. Any distortion of the indicator-dilution curve because of the location of sampling site affects both the PA and the LA indicator-dilution curves equally and thus is canceled out. Furthermore, in one patient of the present series, simultaneous sampling of blood from the root of the aorta and from the brachial artery during exercise yielded almost identical pulmonary blood volume.
As mentioned by Fishman,8 the term "pulmonary vascular distensibility" is a composite one. It connotes not only the elastic properties of the vascular walls but also the tone of their smooth muscle, the perivascular air pressures, the effects of alveolar surface tension, the presence of excessive interstitial fluid, and the mechanical distortions of adjacent pulmonary tissue. Therefore the distensibility characteristics of the pulmonary vascular bed in the patients herein reported represent merely a part of the complex composite picture.
It is important to note that the coefficient of distensibility as calculated in this study refers to the pulmonary circulation in general and cannot be used with reference to particular segments of the vasculature. For example, in patients with primary pulmonary hypertension, the pulmonary vascular distending pressure would, as calculated, be greatly increased and coefficients of distensibility could be expected to be abnormally low. Despite this fact, the anatomy of the pulmonary venous system in these cases should remain essentially normal. Thus, for the present, it is possible to use this coefficient in a general and descriptive fashion only.
The average of pulmonary artery and left atrial pressures described may not be necessarily representative of true pulmonary distending or transmural pressure, because no tissue or intrathoracic pressure was measured in our study. The tissue pressure probably lies between the intrathoracic pressure and the atmospheric pressure. Inasmuch as intrathoracic pressure usually becomes more negative during exercise,9' 10 it would be expected that the pulmonary distending or transmural pressure might be even greater during exercise. Therefore the deviation of the coefficient of distensibility from normal would tend to be larger if we had been able to employ intrathoracic pressure in the calculation of pulmonary distending pressure.
It also should be emphasized that there may be limitations in the interpretation of the coefficient of distensibility based upon the estimation of pulmonary blood volume and distending pressure during exercise particularly when the change in either of the two param-eters is insignificant or small. In general, little or no change in the pressure associated with increase or no change in the volume reflects normal distensibility, whereas disproportionate elevation in the pressure, even though accompanied by an appreciable increase in the volume, may suggest restricted distensibility.
Many workers have observed increase in the intrathoracic or "central" blood volume during exercise in normal subjects as well as in cardiac patients.1'513 It is pertinent to note that in the present study during exercise both "central" blood volume and pulmonary blood volume increased in a parallel fashion, particularly in those patients with an increased "ccentral" blood volume at rest. At the moment it is not possible to determine which segment of the pulmonary vascular tree predominated in the volume changes during exercise. Although increase in pulmonary capillary blood volume has been observed during exercise by many workers,16-8 the magnitude of increase reported does not completely account for the observed increase in total pulmonary blood volume reported in the patients of this series. Furthermore, the influence of supine versus erect position on the change of pulmonary blood volume during exercise should also be taken into consideration. No technique has been reported to evaluate pulmonary artery or pulmonary venous blood volume in man either at rest or during exercise.
As reported in the present study, in "normal" patients during an initial exercise period the increased pulmonary blood flow was accommodated without a significant change in the pulmonary blood volume or pressure required. With more strenuous exercise, however, the pulmonary blood volume increased, and a slight rise in pulmonary vascular distending pressure was observed. The relatively large coefficient of distensibility is a reflection of these changes, and suggests that still further augmentation in flow and volume could have been accepted without a much greater rise in pressure.
The response to exercise in patients with predominant but compensated aortic regurgitation was quite similar to that seen in patients Circulation, Volume XXXV, April 1967 with no cardiovascular abnormality, although perhaps there was a slightly greater elevation of pulmonary vascular distending pressure. However, in a single patient, T.M., in whom there was left ventricular decompensation manifested by significant elevation of both left atrial and pulmonary artery pressures, the coefficient of distensibility was greatly reduced. This patient also had an aneurysm of the ascending aorta, probably secondary to "'cystic medial necrosis" of the aorta. He had a rapidly deteriorating course, which was distinctly different from that of the remaining patients in the same group.
In patients with predominant aortic stenosis, a similar degree of exercise resulted in greater increases in both left atrial and pulmonary artery pressures either with or without a significant augmentation of pulmonary blood volume. The calculated coefficient of distensibility was generally less than half that observed in "normal" patients. When the exercise was repeated at an increased work load, the coefficient of distensibility did not appreciably change, with the exception of patient R. Ha. Although the patients studied had either normal or only slightly elevated left atrial and pulmonary artery pressures at rest, the possibility of structural abnormality in the pulmonary vascular bed cannot be ruled out with certainty. The nature of the structural abnormality giving rise to the apparent alteration in distensibility is problematic. Conceivably, a chronic increase in resistance to filling of a concentrically hypertrophied, noncompliant left ventricle gives rise to structural changes in the pulmonary vascular bed similar in quality but of less severity than those long recognized in mitral stenosis.19 Other evidence for this mechanism resides in the prominent left atrial hypertrophy and unusually large left atrial 'a" wave frequently seen in patients with aortic stenosis. The presence of a relatively normal coefficient of distensibility in our patients with compensated aortic regurgitation may be dependent upon the presence in these cases of a compliant, yet hypertrophied, ventricle better adapted to handling a vol-Circulation, Volume XXXV, April 1967 ume load than is the ventricle of aortic stenosis. Of related interest in this regard is the observation that development of left heart failure in a patient with aortic regurgitation (T.M.) was associated with a reduction in distensibility comparable to that observed in the patients with aortic stenosis. Once again, the possibility of structural changes in the pulmonary vessels as well as in the pulmonary parenchyma due to chronic pulmonary venous hypertension seems very likely.
In patients with primary myocardial or pericardial disease, the low coefficient of distensibility may be explained on the same basis as that observed in patients with aortic stenosis.
The pulmonary vascular pressure-volume responses to exercise were distinctly abnormal in patients with predominant mitral valve disease. In half the patients, although an oxygen uptake was less than twice the resting value, a substantial rise in both left atrial and pulmonary artery pressures was observed in every case. A considerable augmentation of pulmonary blood volume also was observed in all but one patient (L.F.). The elevation in the left atrial and pulmonary artery pressures is certainly due to physical -consequence of increased blood flow through a deformed mitral valve orifice, whereas the augmented pulmonary blood volume may be largely related to a passive distention as a result of elevated left atrial pressure. The coefficient of distensibility in these patients was uniformly much smaller than that observed in "normal" patients as well as in those with compensated aortic regurgitation. It is reasonable to suggest that in these patients the restricted distensibility of the pulmonary vascular bed is primarily due to structural changes in the pulmonary vessels as well as in the pulmonary parenchyma as a result of sustained pulmonary venous and artery hypertension.20' 21 These structural changes, which are much more pronounced in the lower parts of the lungs, may include medial hypertrophy and intimal fibrosis, thromboembolism, and interstitial fibrosis or edema. Because PBV Figure The lower and horizontal pulmonary vascular pressureercise in the "normal" patier upward and to the left are ti patients with aortic valve di primary myocardial or perica and vertical segment denot relationship in patients with n structural changes, the p sels in these patients are more rigid and less exte without cardiac disease. When the average pulr sure-volume changes at ercise in different groups ted graphically ( fig. 2 ), represent different segm pressure-volume curves tern of the pulmonary volume curve in the non by Sarnoff and Berglunm mentioned these respons munication. 23 In the "r pressure-volume response resented by the lower an of a curve, indicating si "NORMAL" AR AS MS,MR I.C. ,P.D. pulmonary blood volume with minimal change in the pulmonary distending pressure. In patients with aortic valve disease or primary myocardial or pericardial disease, the pressure-volume curves tend to shift upward and to the left. In those with mitral valve disease the segment of the pressure-volume curve is shifted further to the left and in almost vertical position, indicating a relatively small change in pulmonary blood volume associated with a significant elevation in pulmonary distending pressure. abnormality and in various groups of cardiac patients.
